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C h a p t e r 7
SUMMARY AND OUTLOOK
The goal of this thesis was to push the boundaries of photovoltaic efficiency in
response to both current market forces and the scientific imperative to test the limit.
Today’s current photovoltaic efficiency record for a cell is 46% and for a module is
near 39%. We aimed to use spectrum-splitting photovoltaics, in which broadband
sunlight is split into separate frequency bands and sent to solar cells of different
bandgap. In the best case, well-separated photons generate the highest possible
voltage leading to higher overall solar-to-energy conversion efficiency, bringing
up the peak power conversion efficiency and lifetime energy production which
contribute to lower the $/W and LCOE, respectively.
The Holographic Spectrum Splitter design used volume phase holographic diffrac-
tion gratings to split white light into four spectral bands. Each band would be
converted by a dual junction tandem multijunction solar cell allowing eight junc-
tions with a four-way split. The design had a high efficiency potential of >37%,
just eking out a record efficiency. The design complexity made simpler, slightly
less efficiency designs more favorable. The underlying logic of optically record-
able spectrum-splitting optical elements with the ability to diffract all transmitted
light into a single diffracted order remains sound, however. Sinusoidal diffrac-
tion efficiency profiles and diffraction angle dispersion must be address for higher
efficiency.
High-contrast gratings were shown to be an interesting, angle-independent single
layer alternative to Bragg reflectors in photovoltaic applications. High refractive
index combined with low loss was shown to be the key factor in their performance.
This difficult combination makes short wavelength visible high-contrast gratings an
unrealized technology. Given the very high demands of the Tandem Luminescent
Solar Concentrator, alternative applications may be better suited for HCG use, such
as multispectral imaging or color filtering for imaging. Similarly, the TLSC concept
would be better deployed to improve the efficiency of mediocre Si solar cells rather
than high efficiency silicon cell for which the presence of the waveguide diminishes
the performance of an already excellent bottom cell. Similarly, applications paired
with lower bandgap quantum dots and lower bandgap cells embedded in the waveg-
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uide have the potential to relax the current narrow range of specs for the HCG to
give high efficiency.
The Polyhedral Specular Reflector design still has potential to be a world record
efficiency device. The solid, index matched optical path with embedded DBR filters
results in strikingly high efficiency spectrum splitting. However, concentration via
CPC was attempted at a challenging size scale. Our path lengths were long enough
that plastic materials absorbed considerable. At the same time the curvature was
nearly impossible to realize in glass. Additionally, the difficulty of developing in-
house processing capabilities for seven solar cells were underestimated. While GaAs
and InGaP solar cells are commonly manufactured, the five additional bandgap cells
were new territory for our team. Finally, our designs required micro-assembly and
precision optics fabrication tools that pushed the boundaries of what is currently
possible. Advances in these areas would benefit the future development of a photo-
voltaic technology like the Kirigami PV spectrum-splitting design. Taking on these
large challenges simultaneously hampered our ability to realize a record breaking
spectrum splitting efficiency despite having a design that could get there.
Overall, this thesis shows that multiple designs of spectrum-splitting photovoltaics
has the potential to surpass the efficiency of today’s state-of-the-art flat-panel and
CPV technologies. Efforts to take the PSR concept and develop a commercial
solar technology were hampered by a combination inability to realize all of the
designed bandgaps of cells in the allotted time, lack of high precision glass/plastic
molding and microassembly capabilities to iterate our prototyping process faster
and by external market forces. In today’s market the potential for higher efficiency
in a new form is not as compelling as it had been earlier in the past decade when
silicon rawmaterials prices spiked and before silicon grew sufficiency to enjoymany
incumbency advantages. Whether or not the market opens again to concentrating
photovoltaics or not remains to be seen. While the highest efficiency cells and
modules are CPV, the technology may have missed its moment to grow enough to
reap the economies of scale that would allow it to drop in price to a level competitive
with silicon. If so, the future of spectrum-splitting PV innovation will lay with
technologies like the TLSC which could integrate into today’s silicon photovoltaics
industry.
101
BIBLIOGRAPHY
[1] W. Shockley and H. J. Queisser, “Detailed balance limit of efficiency of p-n
junction solar cells,” J. Appl. Phys., vol. 32, pp. 510–519, 1961.
[2] RenewableResourceDataCenter (RReDC),National Renewable EnergyLab-
oratory. (2016). Best research-cell efficiencies, [Online]. Available: http:
//www.nrel.gov/ncpv/images/efficiency_chart.jpg (visited on
10/09/2016).
[3] A. Polman and H. A. Atwater, “Photonic design principles for ultrahigh-
efficiency photovoltaics,” Nat. Mat., vol. 11, pp. 174–177, 2012.
[4] R. R. King, D. Bhusari, A. Boca, D. Larrabee, X.-Q. Liu, W. Hong, C. M.
Fetzer, D. C. Law, and N. H. Karam, “Band gap-voltage offset and energy
production in next-generation multijunction solar cells,” Prog. Photovolt.:
Res. Appl., vol. 19, pp. 797–812, 2011.
[5] J. F. Geisz, R.M. France, I. García,M.A. Steiner, andD. J. Friedman, “Device
characterization for design optimization of 4 junction inverted metamorphic
concentrator solar cells,” in 10th International Conference On Concentrator
Photovoltaic Systems: Cpv-10, AIP Conference Proceedings, 2014.
[6] E. C. Warmann and H. A. Atwater, “Energy production advantage of inde-
pendent subcell connection for multijunction photovoltaics,” Energy Science
and Engineering, vol. 4, pp. 235–244, 2016.
[7] J. D.McCambridge, M. A. Steiner, K. A. E. Blair L. Unger, E. L. Christensen,
M. W. Wanlass, A. L. Gray, L. Takacs, R. Buelow, T. A. McCollum, J. W.
Ashmead, G. R. Schmidt, A. W. Haas, J. R. Wilcox, J. V. Meter, J. L. Gray,
D. T. Moore, A. M. Barnett, and R. J. Schwartz, “Compact spectrum splitting
photovoltaic module with high efficiency,” Prog. in PV: Res and Appl., vol.
19, pp. 352–360, 2011.
[8] X.Wang, N.Waite, P.Murcia, K. Emery,M. Steiner, F. Kiamilev, K. Goossen,
C. Honsberg, and A. Barnett, “Lateral spectrum splitting concentrator photo-
voltaics: Direct measurement of component and submodule efficiency,” Prog.
Photovolt.: Res. Appl., vol. 20, pp. 149–165, 2012.
[9] S. van Riesen, M. Neubauer, A. Boosa, M. M. Rico, C. Gourdel, S. Wanka,
R. Krause, P. Guernard, and A. Gombert, “New module design with 4-
junction solar cells for high efficiencies,” in 11th International Conference on
Concentrator Photovoltaic Systems: Cpv-11, AIP Conference Proceedings,
2016, pp. 100006-1–100006-8. doi: doi:10.1063/1.4931553.
[10] G. Kim, J.-A. Dominguez-Caballero, H. Lee, D. Friedman, and R. Menon,
“Increased photovoltaic power output via diffractive spectrum separation,”
Phys. Rev. Lett., vol. 110, p. 123 901, 2013.
102
[11] M. Stefancich, A. Zayan, M. Chiesa, S. Rampino, D. Roncati, L. Kimer-
ling, and J. Michel, “Single element spectral splitting solar concentrator for
multiple cells CPV system,” Opt. Express, vol. 20, pp. 9004–9018, 2012.
[12] B. Mitchell, G. Peharz, G. Siefer, M. Peters, T. Gandy, J. C. Goldschmidt,
J. Benick, S. W. Glunz, A. W. Bett, and F. Dimroth, “Four-junction spectral
beam-splitting photovoltaic receiver with high optical efficiency,” vol. 19,
pp. 61–72, 2011.
[13] J. C. Goldschmidt, C. Do, M. Peters, and A. Goetzberger, “Spectral splitting
module geometry that utilizes light trapping,” Sol. Energy Mat. Sol. Cells,
vol. 108, pp. 57–64, 2013.
[14] A. G. Imenes and D. R. Mills, “Spectral beam splitting technology for in-
creased conversion efficiency in solar concentrating systems,” Sol. Energy
Mat. Sol. Cells, vol. 84, pp. 19–69, 2004.
[15] A. Mojiri, R. Taylor, E. Thomsen, and G. Rosengarten, “Spectral beam split-
ting for efficient conversion of solar energy—a review,” Renewable and Sus-
tainable Energy Reviews, vol. 28, pp. 654–663, 2013.
[16] D. Zhang, M. Gordon, J. M. Russo, S. Vorndran, M. Escarra, H. A. Atwater,
and R. K. Kostuk, “Reflection hologram solar spectrum-splitting filters,” in
Regional Conference Series in Mathematics, 2012.
[17] E. R. Torrey, P. P. Ruden, and P. I. Cohen, “Performance of a split-spectrum
photovoltaic device operating under time varying spectral conditions,” J.
Appl. Phys., vol. 109, p. 074 909, 2011.
[18] E. YABLONOVITCH and G. D. CODY, “Intensity enhancement in textured
optical sheets for solar cells,” IEEE TRANSACTIONS ON ELECTRON DE-
VICES, vol. 29, pp. 300–305, 1982.
[19] R.Winston, J. c.Minano, and P. Benitez,Nonimaging optics. Academic Press,
2005.
[20] R. Winston, “Light collection within the framework of geometrical optics,”
J. Opt. Soc. Am., vol. 60, pp. 245–247, 1970.
[21] C. N. Eisler, C. A. Flowers, P. Espinet, S. Darbe, E. C.Warmann, J. Lloyd, M.
Dee, and H. A. Atwater, “Designing and prototyping the polyhedral specular
reflector, a spectrum-splitting module with projected >50% efficiency,” in
IEEE PVSC 42, 2015. doi: http://dx.doi.org/10.1109/PVSC.2015.
7356406,
[22] P. Hariharan, Optical holography: Principles, techniques and applications.
Cambridge and New York: Cambridge University Press, 1996.
[23] R. Magnusson and T. K. Gaylord, “Analysis of multiwave diffraction of thick
gratings,” vol. 67, pp. 1165–1170, 1977.
103
[24] N. Ebizuka, K. S. Kawabata, K. Oka, A. Yamada, M. Kashiwagi, K. Kodate,
T. Hattori, N. Kashikawa, and M. Iye, “Grisms developed for FOCAS,” Publ.
Astron. Soc. Japan, vol. 63, S613–S622, 2011.
[25] R. T. Ross, “Cross-correlation analysis of dispersive spectrum splitting tech-
niques for photovoltaic systems,” J. Chem. Phys., vol. 46, pp. 4590–4593,
1967.
[26] R. R. King et al., “Band gap-voltage offset and energy production in next-
generation multijunction solar cells,” Prog. Photovolt.: Res. Appl., vol. 19,
pp. 797–812, 2011.
[27] M. S. Agamy, S. Chi, A. Elasser,M. Harfman-Todorovic, Y. Jiang, F.Mueller,
and F. Tao, “A high-power-density DC-DC converter for distributed PV ar-
chitectures,” IEEE J. Photovolt., vol. 3, pp. 791–798, 2013.
[28] J. Russo, S. Vorndran, Y.Wu, andR.K.Kostuk, “Cross-correlation analysis of
dispersive spectrum splitting techniques for photovoltaic systems,” J. Photon.
Energy, vol. 5, no. 1, p. 054 599, Jan. 2015.
[29] National Renewable Energy Laboratory. (2010). Simple model of the atmo-
spheric radiative transfer of sunshine, [Online]. Available: http://www.
nrel.gov/rredc/smarts/ (visited on 10/09/2016).
[30] ——, (2010). National solar radiation database (NSRDB), [Online]. Avail-
able: https://maps.nrel.gov/nsrdb-viewer (visited on 10/09/2016).
[31] S. Larouche and L. Martinu, “OpenFilters: Open-source software for the
design, optimization, and synthesis of optical filters,” Applied Optics, vol. 47,
pp. C219–C230, 2008.
[32] R. Varache, C. Leendertz, M. E. Gueunier-Farret, J. Haschke, D. Muñoz, and
L. Korte, “Investigation of selective junctions using a newly developed tunnel
current model for solar cell applications,” Solar Energy Materials and Solar
Cells, vol. 141, pp. 14–23, 2015. doi: doi:10.1016/j.solmat.2015.05.
014.
[33] C. N. Eisler, C. A. Flowers, E. C. Warmann, J. V. Lloyd, and H. A. Atwater.,
“The polyhedral specular reflector: A spectrum-splitting multijunction design
to achieve ultrahigh (>50%) solar module efficiencies,” In prep., 2017.
[34] W. Qiu, “PDMS based waveguides for microfluidics and EOCB,” Master’s
thesis, Louisiana State University, 2014.
[35] M. Woodhouse and A. Goodrich, A manufacturing cost analysis relevant to
single- and dual-junction photovoltaic cells fabricated with III-Vs and III-Vs
grown on Czochralski silicon, Web page, Cambridge and New York, Sep.
2013. [Online]. Available: http://www.nrel.gov/docs/fy14osti/
60126.pdf.
104
[36] C. N. Eisler, R. A. Ze’ev, M. T. Sheldon, X. Zhang, and H. A. Atwater,
“Multijunction solar cell efficiencies: Effect of spectral window, optical envi-
ronment and radiative coupling,” Energy Environ. Sci, vol. 7, pp. 3600–3605,
2014.
[37] M. Shiao, “The global PV inverter landscape 2013: Technologies, markets,
and survivors,” GTMResearch, Tech. Rep., 2013. [Online]. Available: http:
//www.greentechmedia.com/research/report/the-global-pv-
inverter-landscape-2013.
[38] T. J. Hebrink, “Durable polymeric films for increasing the performance of
concentrators,” in Third Generation Photovoltaics, V. Fthenakis, Ed., 2012,
isbn: 978-953-51-0304-2. doi: 10.5772/1386.
[39] P. Moitra, B. A. Slovick, Z. G. Yu, S. Krishnamurthy, and J. Valentine, “Ex-
perimental demonstration of a broadband all-dielectric metamaterial perfect
reflector,” Applied Physics Letters, vol. 104, p. 171 102, 2014.
[40] I. Staude, A. E. Miroshnichenko, M. Decker, N. T. Fofang, S. Liu, E. Gon-
zales, J. Dominguez, T. S. Luk, D. N. Neshev, I. Brener, and Y. Kivshar,
“Tailoring directional scattering through magnetic and electric resonances in
subwavelength silicon nanodisks,” ACS Nano, vol. 7, pp. 7824–7832, 2013.
[41] N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, and Z.
Gaburro, “Light propagation with phase discontinuities: Generalized laws of
reflection and refraction,” Science, vol. 334, p. 333, 2011.
[42] C. F. R.Mateus, M. C. Y. Huang, Y. Deng, A. R. Neureuther, and C. J. Chang-
Hasnain, “Ultrabroadband mirror using low-index cladded subwavelength
grating,” IEEE Photonics Technology Letters, vol. 16, pp. 518–520, 2004.
[43] B.-H. Cheong, O. N. Prudnikov, E. Cho, H.-S. Kim, J. Yu, Y.-S. Cho, H.-Y.
Choi, and S. T. Shin, “High angular tolerant color filter using subwavelength
grating,” APPLIED PHYSICS LETTERS, vol. 94, pp. 213104-1–213104-3,
2009.
[44] E.-H. Cho, H.-S. Kim, B.-H. Cheong, P. Oleg, W. Xianyua, J.-S. Sohn, D.-J.
Ma, H.-Y. Choi, N.-C. Park, and Y.-P. Park, “Two-dimensional photonic
crystal color filter development,”OPTICS EXPRESS, vol. 17, pp. 8621–8629,
2009.
[45] V. Karagodsky and C. J. Chang-Hasnain, “Physics of near-wavelength high
contrast gratings,” Optics Express, vol. 20, pp. 10 888–10 895, 2012.
[46] B. C. P. Sturmberg, K. B. Dossou, L. C. Botten, R. C. McPhedran, and
C. M. de Sterke, “Fano resonances of dielectric gratings: Symmetries and
broadband filtering,” Optics Express, vol. 23, A1672–A1686, 2015.
105
[47] S. S. Kruk, C. Helgert, M. Decker, I. Staude, C. Menzel, C. Etrich, C. Rock-
stuhl, C. Jagadish, T. Pertsch, D. N. Neshev, and Y. S. Kivshar, “Optical
metamaterials with quasicrystalline symmetry: Symmetry-induced optical
isotropy,” Phys. Rev. B, vol. 88, pp. 201 404–201 404, 2013.
[48] H. L. Yuhan Yao and W. Wu, “Spectrum splitting using multi-layer dielectric
meta-surfaces for efficient solar energy harvesting,” Applied Physics A, vol.
115, pp. 713–719, 2014.
[49] Y. Yao, H. Liu, and W. Wu, “Fabrication of high-contrast gratings for a
parallel spectrum splitting dispersive element in a concentrated photovoltaic
system,” Journal of Vacuum Science and Technology B, vol. 32, 06FG04-1–
06FG04-6, 2014.
[50] M. G. Moharam and T. K. Gaylord, “Rigorous coupled-wave analysis of
planar-grating diffraction,” J. Opt. Soc. Am., vol. 71, pp. 811–818, 1981.
[51] M. A. Green, K. Emery, Y. Hishikawa, W. Warta, and E. D. Dunlop, “Solar
cell efficiency tables (version 47),” Progress in Photovoltaics: Research and
Applications, vol. 24, pp. 3–11, 2015.
106
A p p e n d i x A
OPTICAL DATA
Figure A.1: Refractive index for polystyrene (PS) and polymthylmethacrylate
(PMMA), the materials used for the high and low refractive index layers, respec-
tively, in the polymer filters.
Figure A.2: Sylgard 184 2:1 base:curing agent absorption coefficient.
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A p p e n d i x B
CPC DETAILS
Figure B.1: perspective, top and side views of the 194X concentrator defined by the
prototype design.
Sample name Efficiency
12/4 898 62.0% ± 3.4%
11/26 #1 69.6% ± 3.1%
11/26 #2 67.7% ± 3.8%
11/25/14 898 64.6% ± 6.4%
PDMS 62.2% ± 4.3%
11/25 897 66.8% ± 4.5%
12/2 10:1 63.5% ± 2.0%
11/25 #3 66.3% ± 2.5%
11/25 #4 68.4% ± 2.6%
12/4 897 B 68.57% ± 1.7%
Average 66.0% ± 3.6%
Table B.1: Measured concentrator efficiencies
Mold fabrication
1. Mix 4:1 ratio of base to binder of Sylgard 184 together in a centrifuge tube
2. Use the PDMS centrifuge to mix and then spin the mixture to blend the two
components and then remove some of the incorporated air
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3. place the open vacuum tube under mild vacuum (with a dessicator in our case)
to further remove air from the mixture for 10-15 minutes
4. Pour mixture around suspended positive part
5. Further degas for up to 40 minutes
6. Cure for 40 minutes at 80°C
7. When cool, gently extract the positive from the PDMS
Mold use
1. Mix 2:1 ratio of base to binder of Sylgard 184 together in a centrifuge tube
2. Repeat the mixing, degassing and curing procedure as above
3. Add collar to the mold to create an extra height to use to extract the CPC from
the mold
4. Pour the PDMS mixture into the mold and degas for up to 40 minutes
5. Cure for at least 40 minutes at 80°C
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A p p e n d i x C
COST MODEL
Technoeconomic analysis and bottom-up cost model
• Define the product, i.e. for a solar technology, to compare to alternatives
this should be an installed area of a particular size in a particular place to be
able to arrive at an LCOE that can be compared to competing technologies,
especially for a higher $/Wp technology for which the advantage will be in
LCOE rather than in $/Wp.
• fill in missing components, e.g. racking and mounting hardware that have not
yet been specified. Go with off-the-shelf, conventional parts where possible
• Compile a full bill of materials for the product
• Identify multiple sources for each input and find listed prices for off-the-shelf
parts and get quotes (ideally 3+) for custom items
Bottom-up cost model
• For a bottom up model specify all steps to get from inputs to the final product
in consultation with all project partners
• To incorporate scaling, get quotes at varying orders of magnitude until the
price stops changing.
• Identify vendors operating at different scales – some respond well to pet
projects. These are not likely to be the same vendors who can handle gigawatt
scale production.
